A new nine-dimensional potential energy surface (PES) and dipole moment surface (DMS) for silane have been generated using high-level ab initio theory. The
I. INTRODUCTION
The infrared (IR) absorption spectrum of silane (SiH 4 ) was first documented over eighty years ago.
1,2 Since then numerous high-resolution spectroscopic studies of SiH 4 and its isotopomers have followed, including astronomical observation of rotation-vibration transitions around the carbon star IRC +10216 [3] [4] [5] and in the atmospheres of Jupiter 6 and Saturn. 7 In industry silane gas is used extensively in the semiconductor manufacturing process and for the production of solar cells.
Despite its industrial and astrophysical importance, very few rigorous theoretical studies have been carried out. Martin, Baldridge, and Lee 8 computed an accurate quartic force field for silane based on CCSD(T) [coupled cluster with all single and double excitations and a perturbational estimate of connected triple excitations] calculations using the correlation consistent quadruple zeta basis set, cc-pVQZ, 9 plus an additional high-exponent d -function
10
(denoted as cc-pVQZ+1 in Ref. 8) . Minor empirical refinement of the four diagonal quadratic constants produced a force field of spectroscopic quality (±1 cm −1 when reproducing the fundamental frequencies) applicable for several isotopomers of silane.
The resultant force field was subsequently used to calculate vibrational energy levels of SiH 4 , SiH 3 D, SiHD 3 , and SiH 2 D 2 by means of canonical Van-Vleck perturbation theory (CVPT). 11 When compared to results of a variational four-dimensional stretch model, fulldimensional CVPT calculations were necessary to accurately describe certain stretch levels as they incorporated the effects of Fermi resonance. The importance of treating Fermi interactions to compute vibrational energies of silane was also highlighted previously using an algebraic approach.
12
The use of stretch-only models has generally been successful in describing stretching overtones [13] [14] [15] [16] and corresponding band intensities 14, [17] [18] [19] [20] however. This is because of the pronounced local mode behaviour of silane, the effects of which have been documented experimentally in a series of papers by Zhu et al. [21] [22] [23] [24] [25] It is only at higher energies (above 12 000 cm −1 ) that the rotational structure of the |6000 and |7000 stretch eigenstates can no longer be analysed in a local mode description due to vibrational resonances. 26 For intensity calculations, even a small treatment of bending motion can improve the description of intensities compared to stretch-only models 27 (an overview of previously computed ab initio dipole moment surfaces for silane can be found in Ref. 28 ).
The motivation for the present work is that 28 SiH 4 (henceforth labelled as SiH 4 ) is a target molecule of the ExoMol project, 29 which is creating a comprehensive database of all molecular transitions deemed necessary to model exoplanet and other hot atmospheres.
Although unlikely, SiH 4 has already been considered in the context of biosignature gases on rocky exoplanets.
30
At present there is no coverage of SiH 4 in several of the popular spectroscopic databases.
31-34
The PNNL spectral library 35 is an exception, covering the range of 600 to 6500 cm −1 at a resolution of around 0.06 cm −1 for temperatures of 5, 25, and 50
• C. The Spherical Top Data System 36 (STDS) is another valuable resource for spectral information on silane. However, some of the measured transitions and intensities are from unpublished work which makes it hard to verify the methods used and subsequently the reliability of the data.
It is our intention to construct a global nine-dimensional potential energy surface (PES) and dipole moment surface (DMS) for silane. To do this we employ state-of-the-art electronic structure calculations to generate the respective surfaces. After fitting the ab initio data with suitable analytic representations, the quality of the PES and DMS will be tested by means of variational calculations of the infrared spectrum.
The paper is structured as follows: In Sec. II the ab initio calculations and analytic representation of the PES are presented. Similarly, in Sec. III the electronic structure calculations and analytic representation of the DMS are detailed. Pure rotational energies, the equilibrium Si-H bond length, vibrational J = 0 energy levels, absolute line intensities of the ν 3 band, and an overview of the rovibration spectrum up to J = 20 are calculated and compared against available experimental data in Sec. IV. We offer concluding remarks in Sec. V.
II. POTENTIAL ENERGY SURFACE

A. Electronic structure calculations
Focal-point analysis 37 is used to represent the total electronic energy as
The energy at the complete basis set (CBS) limit E CBS was computed using the explicitly correlated F12 coupled cluster method CCSD(T)-F12b (Ref. A parameterized two-point formula, closed-shell molecules it can be safely ignored in spectroscopic calculations.
49
The core-valence (CV) electron correlation correction ∆E CV was calculated at the CCSD(T)-F12b level of theory in conjunction with the F12-optimized correlation consistent core-valence basis set cc-pCVTZ-F12. 50 The same ansatz and ABS as in the frozen core approximation computations were used, however we set β = 1.4 a −1 0 . The (1s) orbital of Si was frozen for all-electron calculations.
To estimate the higher-order (HO) correction ∆E HO we used the hierarchy of coupled cluster methods such that ∆E HO = ∆E T + ∆E (Q) . Here the full triples contribution is ∆E T = E CCSDT − E CCSD(T) , and the perturbative quadruples contribution is ∆E (Q) = E CCSDT(Q) − E CCSDT . Calculations were carried out in the frozen core approximation at the CCSD(T), CCSDT, and CCSDT(Q) levels of theory using the general coupled cluster approach 51, 52 as implemented in the MRCC code 53 interfaced to CFOUR. 54 The full triples computation utilized the correlation consistent triple zeta basis set, cc-pVTZ(+d for Si), 9,55-57 whilst the perturbative quadruples computation employed the double zeta basis set, cc-pVDZ(+d for Si).
The contribution from the diagonal Born-Oppenheimer correction (DBOC) was com- Although independently the separate corrections are not fully converged, this error is compensated for when considering their sum. This is illustrated through one-dimensional cuts of the PES in Fig. (1) , most noticeably in the bending cut.
The global grid was built in terms of nine internal coordinates; four Si-H bond lengths 
B. Analytic representation
The analytic representation chosen for the present study has previously been used for methane. [61] [62] [63] For the stretch coordinates,
where a = 1.47Å −1 and the reference equilibrium structural parameter r ref = 1.4741Å
(value discussed in Sec. IV). The angular terms are given as symmetrized combinations of interbond angles,
The potential function (maximum expansion order of i + j + k + l + m + n + p + q + r = 6),
contains the terms
which are symmetrized combinations of different permutations of the coordinates ξ i , and transform according to the T d (M) molecular symmetry group. 64 They are found by solving an over-determined system of linear equations in terms of the nine coordinates given above.
A total of 287 symmetrically unique terms were derived up to sixth order of which only 104 were employed for the final PES. The corresponding expansion parameters f ijk... were determined from a least-squares fitting to the ab initio data. Weight factors of the form,
were used in the fit. HereẼ Note that geometries with r i ≥ 2.30Å for i = 1, 2, 3, 4 possessed a T1 diagnostic value > 0.02, 67 and so the corresponding weights were reduced by several orders of magnitude.
Although the coupled cluster method is not completely accurate at these points, by including them the PES maintains a reasonable shape towards dissociation. In subsequent calculations we refer to this PES as CBS-F12 HL . The CBS-F12 HL expansion parameter set is provided in the supplementary material along with a FORTRAN routine to construct the PES.
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III. DIPOLE MOMENT SURFACE A. Electronic structure calculations
The electric dipole moment is equal to the first derivative of the electronic energy with respect to external electric field strength. For each of the X, Y , and Z Cartesian coordinate axes with origin at the Si nucleus, an external electric field with components ±0.005 a.u.
was applied and the dipole moment components µ X , µ Y , and µ Z computed by means of the central finite difference scheme. Calculations were carried out at the CCSD(T)/aug-ccpVTZ(+d for Si) level of theory in the frozen core approximation using MOLPRO2012. The same nine-dimensional grid as used for the PES with energies up to hc · 50 000 cm −1 was employed.
B. Analytic representation
To represent the dipole moment surface (DMS) analytically it is necessary to transform to a suitable molecule-fixed xyz coordinate system. For the present study we utilize the symmetrized molecular bond (SMB) representation for XY 4 molecules. 61 We first define unit vectors along the four Si-H bonds,
where r 0 is the position vector of the Si nucleus, and r i is that of the respective H i atom.
Three symmetrically independent reference vectors which span the F 2 representation are formed,
Using these the ab initio dipole moment vector µ can be expressed as
Here µ α (α = x, y, z) are the dipole moment functions (also of F 2 symmetry) which take the
The expansion terms 
for the stretches, with the same angular coordinates as before (Eqs. (3) to (7) 
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IV. RESULTS
A. Equilibrium bond length and pure rotational energies
Since rotational energies are highly dependent on the molecular geometry through the moments of inertia, we first refine the Si-H reference equilibrium structural parameter r ref before we proceed to extensive rovibrational energy level calculations. Thereby, the accuracy of the computed intra-band rotational wavenumbers can be significantly improved.
69,70
Two iterations of a nonlinear least-squares fit to the experimental J ≤ 6 rotational energies from Ref. 36 produced a refined parameter of r ref = 1.4741Å. However, due to the inclusion of a linear expansion term in the parameter set of our potential, this value does not define the minimum of the PES. The true equilibrium bond length was determined to be r eq = 1.4737Å. This is in good agreement with the experimental estimate of r(Si−H) = 1.4741Å, 71 and an ab initio value of r(Si−H) = 1.4742Å calculated at the all electron CCSD(T)/cc-pCVQZ level of theory. 72 Note that before the refinement the original ab initio bond length of the CBS-F12 HL PES was r eq ab initio = 1.4735Å. The computed pure rotational energies are listed in Table I . The details of the calculations will be discussed in Sec. IV B. As can be seen, the agreement with experiment is excellent and energy levels up to J ≤ 6 are reproduced with a rms error of 0.00005 cm −1 . We therefore expect the true Si-H equilibrium bond length to be very close to the value r eq = 1.4737Å.
B. Vibrational J = 0 energies
To calculate rovibrational energy levels, transition frequencies and corresponding intensities we use the variational nuclear motion code TROVE. 73 Here we only summarize the key aspects of our calculations. Details of the general methodology can be found in
Refs. 69, 73, and 74.
The rovibrational Hamiltonian was represented as a power series expansion around the equilibrium geometry in terms of the coordinates given in Eqs. (2) to (7), and was constructed numerically using an automatic differentiation method. 74 The kinetic and potential energy operators were truncated at 6th and 8th order, respectively, which is sufficient for our purposes. For a discussion of the associated errors of such a scheme see Refs. 73 and 74.
Note that atomic mass values were employed in the subsequent TROVE calculations.
The vibrational basis set was generated using a multi-step contraction scheme. For SiH 4 the polyad number P = 2(n 1 + n 2 + n 3 + n 4 ) + n 5 + n 6 + n 7 + n 8 + n 9 ≤ P max (19) controls the size of the basis set and does not exceed a predefined maximum value P max . For J = 0 vibrational energy level calculations we set P max = 14. Here the quantum numbers n k for k = 1, . . . , 9 correspond to primitive basis functions φ n k , which are obtained by solving a one-dimensional Schrödinger equation for each vibrational mode by means of the Numerov-Cooley method.
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The normal modes of silane are classified by the symmetry species, A 1 , E, and
symmetry is the non-degenerate symmetric stretching mode ν 1 (2186.87 cm −1 ). The doubly As an aside in Table III we show the effect of the empirical refinement of the equilibrium geometry on the fundamental frequencies. Results computed using the ab initio bond length (overall rms error of 0.57 cm −1 ) are marginally better which is to be expected. In the refined geometry PES the shape of the original ab initio PES has been altered by shifting its minimum, resulting in a poorer representation of vibrational energies. For spectral analysis an improved description of rotational structure is more desirable however, as vibrational band position can be easily corrected at a later stage.
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C. Vibrational transition moments
The vibrational transition moment is defined as,
where |Φ α = x, y, z. In Table IV 
D. Absolute line intensities of the ν 3 band
To simulate absolute absorption intensities we use the expression,
where A if is the Einstein-A coefficient of a transition with frequency ν if between an initial state with energy E i , and a final state with rotational quantum number J f . Here k is the Boltzmann constant, T is the absolute temperature, and c is the speed of light. The nuclear spin statistical weights are g ns = {5, 5, 2, 3, 3} for states of symmetry
respectively. The partition function Q(T ) was estimated using,
For tetrahedral molecules the rotational partition function is given as, A recent high-resolution study of the ν 3 band measured the absolute line intensities of numerous P-branch transitions up to J = 16 at 296 K. 89 Line intensities were recorded at a resolution of 0.0011 cm −1 and were given an estimated experimental measurement accuracy of 10%. To validate our DMS and to a lesser extent the PES, in Table V Due to the computational demands of calculating higher rotational excitation (rovibrational matrices scale linearly with J), calculations were performed with P max = 10. Convergence tests were carried out up to J = 6 for P max = 12. The corresponding transition frequencies showed a consistent correction of around ∆(P max = 12) = −0.00185 cm −1 . This correction was applied to all computed frequencies listed in Table V 
E. Overview of rotation-vibration spectrum
As a final test of the PES and DMS, in Fig. (3) we have simulated the rotation-vibration spectrum of 28 SiH 4 for transitions up to J = 20 at 296 K. A polyad number of P max = 10 was employed. Transition frequencies and corresponding intensities were calculated for a 5000 cm −1 frequency window with a lower state energy threshold of 5000 cm −1 . To simulate the spectrum a Gaussian profile with a half width at half maximum of 0.135 cm −1 was chosen as this appears to closely match the line shape used by the PNNL spectral library. 35 The experimental PNNL silane spectrum, also shown in Fig. (3 The computed TROVE intensities are marginally stronger but overall there is good agreement with the experimental PNNL results. Even with P max = 10 which does not give fully converged transition frequencies both band shape and position appear reliable. Of course there are shortcomings in our simulations which we will now discuss.
Some of the band structure is undoubtedly lost as we have not considered 29 SiH 4 or 30 SiH 4 , and by only computing transitions up to J = 20 the spectrum is unlikely to be complete at room temperature. There may also be minor errors arising from the use of a Gaussian profile to model the line shape. More desirable would be to fit a Voigt profile which incorporates instrumental factors. The largest source of error, as discussed before, is likely to be the electronic structure calculations. For the purposes of modelling exoplanet atmospheres however, we expect that the level of theory employed to compute the DMS is sufficient. The features of the SiH 4 spectrum are clear and identifiable as seen in Fig. (3) .
Note that in Fig. (3 band. This is contrast to the vibrational transition moments where µ ν 4 > µ ν 3 . If however we plot absolute line intensities up to J = 20 as shown in Fig. (4) , the ν 4 band is indeed stronger than the ν 3 band. The behaviour displayed in Fig. (3) is caused by the use of a line profile to model the spectrum. 
V. CONCLUSIONS
High-level ab initio theory has been used to generate global potential energy and dipole moment surfaces for silane. The quality of the PES is reflected by the achievement of sub-wavenumber accuracy for all four fundamental frequencies. Combination and overtone bands are also consistently reproduced which confirms that the level of ab initio theory used to generate the PES is adequate. Minor empirical refinement of the equilibrium geometry of SiH 4 produced an Si-H bond length in excellent agreement with previous experimental and theoretical results. The rotational structure of vibrational bands was improved as a result of the refinement. Ultimately though, to achieve sub-wavenumber accuracy for all rotation-vibration energy levels a rigorous empirical refinement of the PES is necessary.
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A new ab initio DMS has been computed and utilized to simulate the infrared spectrum of SiH 4 . Absolute line intensities are marginally overestimated and we suspect this behaviour can be resolved by using a larger basis set for the electronic structure calculations when computing the DMS. Overall however, band shape and structure across the spectrum display good agreement with experiment. The PES and DMS presented in this work will be used to compute a comprehensive rovibrational line list applicable for elevated temperatures as part of the ExoMol project.
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